Freeze-thaw events can cause embolism in plant xylem. According to classical theory, gas bubbles are formed during freezing and expand during thawing. Conifers have proved to be very resistant to freeze-thaw induced embolism, because bubbles in tracheids are small and redissolve during thawing. In contrast, increasing embolism rates upon consecutive freeze-thaw events were observed that cannot be explained by the classical mechanism. In this study, embolism formation during freeze-thaw events was analyzed via ultrasonic and Cryo-scanning electron microscope techniques. Twigs of Picea abies L. Karst. were subjected to up to 120 freeze-thaw cycles during which ultrasonic acoustic emissions, xylem temperature, and diameter variations were registered. In addition, the extent and cross-sectional pattern of embolism were analyzed with staining experiments and Cryo-scanning electron microscope observations. Embolism increased with the number of freeze-thaw events in twigs previously dehydrated to a water potential of 22.8 MPa. In these twigs, acoustic emissions were registered, while saturated twigs showed low, and totally dehydrated twigs showed no, acoustic activity. Acoustic emissions were detected only during the freezing process. This means that embolism was formed during freezing, which is in contradiction to the classical theory of freeze-thaw induced embolism. The clustered pattern of embolized tracheids in cross sections indicates that air spread from a dysfunctional tracheid to adjacent functional ones. We hypothesize that the low water potential of the growing ice front led to a decrease of the potential in nearby tracheids. This may result in freezing-induced air seeding.
Freeze-thaw events are one of two major factors that can induce embolism in plant xylem. According to a frequently published theory, embolism formation occurs during thawing when bubbles enclosed in the conduits expand. These bubbles are formed during freezing when air, which is hardly soluble in ice, is forced from the xylem sap. Whether a bubble expands during thawing depends on sap surface tension, sap water potential (c), and bubble size (Sucoff, 1969; Ewers, 1985; Lo Gullo and Salleo, 1993; Davis et al., 1999; Lemoine et al., 1999; Hacke and Sperry, 2001; Sperry and Robson, 2001; Pittermann and Sperry, 2003) . Therefore, the risk of embolism increases with the conduit diameter, because wide elements contain large amounts of dissolved gas that forms big bubbles within the ice (Davis et al., 1999; Sperry and Robson, 2001; Sperry, 2003, 2006) . Drought stress is the second important mechanism inducing embolism (Sperry and Tyree, 1990; Tyree et al., 1994; Hacke and Sperry, 2001) . When c in conduits falls below xylem-specific thresholds, air can enter from adjacent, already air-filled spaces (air seeding; Tyree and Zimmermann, 2002) . This usually occurs at the pits that determine the vulnerability threshold of the xylem (Tyree et al., 1994; Hacke and Sperry, 2001; Hacke et al., 2004; Sperry and Hacke, 2004; Pittermann et al., 2005) . At c less negative than the air-seeding threshold, the surface tension of water stabilizes airwater interfaces in the pores of pit membranes in angiosperms. In conifers, a special pit anatomy with a central thickening, the torus, functions as a valve-like mechanism sealing the pit at critical c gradients.
Drought stress has been shown to cause embolism in many angiosperm and conifer species. In contrast, conifers were reported to be very resistant to freezethaw induced embolism due to the narrow tracheids found in most species. No embolism upon freezing and thawing was found in experiments with Thuja occidentalis, Picea glauca, and Pinus sylvestris (Sucoff, 1969) , Tsuga canadiensis (Hammel 1967) , P. glauca, Larix laricina, and Abies lasiocarpa (Sperry et al., 1994; Davis et al., 1999) , Diselma archeri, Podocarpus lawrencei, and Phyllocladus aspleniifolius (Feild and Brodribb, 2001) , and only low embolism rates in Juniperus scopulorum (Sperry and Sullivan, 1992) . All these studies were based on single freeze-thaw events, and samples were dehydrated to moderate c. In a recently published study, Pittermann and Sperry (2006) showed that conifers were vulnerable to freeze-thaw induced embolism when c in the xylem sap was low and that vulnerability thresholds corresponded to tracheid diameter.
There are several field studies reporting freeze-thaw induced embolism in conifers such as P. glauca, L. laricina, and A. lasiocarpa (Sperry and Sullivan, 1992; Sperry et al., 1994) , Pinus contorta (Sparks et al., 2001) , and Picea abies (Mayr et al., 2002 (Mayr et al., , 2003b . The latter study was carried out at the alpine timberline where up to 130 freeze-thaw events per winter (Groß et al., 1991; Mayr et al., 2003a Mayr et al., , 2003b Mayr et al., , 2006 and frost drought (Michaelis, 1934; Pisek and Larcher, 1954; Larcher, 1972; Tranquillini, 1976 Tranquillini, , 1980 with extremely low c (Mayr et al., 2003a (Mayr et al., , 2003b occur. The conditions at the alpine timberline led to conductivity losses of up to 100%, while in the studies of Sperry et al. (1994) as well as Sparks et al. (2001) , relatively low embolism rates were observed. In these studies, C reached moderately negative values during winter that hardly exceeded summer values. Thus, it was assumed that the combination of low c and repeated freeze-thaw cycles causes high embolism rates in conifers growing at harsh habitats. This assumption was verified in an experiment with young Norway spruce trees, which were dehydrated to various c and then exposed to 50 and 100 freeze-thaw cycles in a climate chamber (Mayr et al., 2003a) . As shown in Figure 1 , freeze-thaw events scarcely caused embolism at moderate c but caused high conductivity losses near the upper drought-induced vulnerability threshold. At lower c, the xylem was already impaired by drought-induced embolism, and freeze-thaw events contributed only a little to the overall conductivity losses. Embolism rates reached after 100 temperature cycles were higher than after 50 cycles.
One aspect of this experiment cannot be explained by the classical theory of freeze-thaw induced embolism; the risk of embolism induction in the wood did not increase during the experiment, as neither tracheid diameter nor sap surface tension varied (c even became slightly less negative; Mayr et al., 2003a) . Despite these constant conditions, bubbles dissolved in most tracheids during the first thawing event but did not do so during one of the consecutive freeze-thaw cycles. One explanation may be that the whole process was to some extent a statistical one and that the cumulative probability for embolism in a conduit increased with each temperature cycle. However, it seems unlikely that the probability for all tracheids is similar so that 100% loss of conductivity can be reached. It is also interesting that the data of Mayr et al. (2003a) do not fit to the model described in Pittermann and Sperry (2006) . Calculating the vulnerability thresholds based on the tracheid diameter distribution given in Mayr et al. (2003a) , embolism rates are higher than the measured conductivity losses after 50 freeze-thaw cycles but lower than after 100 cycles (Fig. 1) . It also has to be noticed that high embolism rates at the timberline were only registered after numerous freeze-thaw events even when c was already very low during the first frost events (Mayr et al., 2003b) .
The aim of this study was to gain more insight into the process of embolism formation during freeze-thaw events in conifer wood. We compared twigs of P. abies dehydrated to c near the upper vulnerability threshold with twigs totally dehydrated or fully saturated. As shown in Figure 1 , we expected pronounced effects in the former but no effects in the latter samples (controls) upon freeze-thaw cycles. The twigs were exposed to consecutive freeze-thaw cycles, and cavitation events were registered with the ultrasonic technique. Embolism patterns in xylem cross sections were analyzed with a scanning electron microscope (Cryo-SEM). According to the classical theory of freeze-thaw induced embolism, acoustic emissions should occur during thawing and the widest tracheids should cavitate first.
RESULTS

Dye Experiments
Phloxine B staining of samples dehydrated to a c of 22.8 MPa showed embolism rates to increase with increasing numbers of freeze-thaw cycles (Fig. 2) . Within the cross sections, compression wood regions tended to reach higher embolism rates. c c measured after 10, 20, 30, and 50 temperature cycles did not differ significantly (Fig. 2) . Figure 1 . Loss of conductivity in twigs of P. abies dehydrated to various c and exposed to 0, 50, and 100 freeze-thaw cycles (modified after Mayr et al., 2003a) . The gray area gives the difference between the treatment with 100 and 0 freeze-thaw cycles, thus showing the effect of the freeze-thaw processes. Black circles indicate the vulnerability to freeze-thaw cycles according to the model of Pittermann and Sperry (2006) . Model calculations were based on the tracheid cross-sectional area distribution given in Mayr et al. (2003a) .
Ultrasonic Acoustic Emissions
Freeze-thaw treatment of samples with a c of 22.8 MPa caused frequent ultrasonic acoustic emissions (UAE) even after more than 100 temperature cycles, the number of signals detected per cycle decreasing slowly (Fig. 2 ). Based on a parabolic function, a significant correlation between the number of temperature cycles and the cumulative number of UAE was observed. Within a temperature cycle, UAE were registered only during the freezing process, leading to a stepwise increase of the cumulative signal number during consecutive freeze-thaw cycles (Fig. 3) . Measurements of the xylem temperature showed that the onset of acoustic emissions corresponded exactly to the start of the freezing process as indicated by the freezing exotherms. In contrast to samples at a c of 22.8 MPa, completely dehydrated samples emitted no, and saturated samples only few, acoustic signals (Fig. 3) . However, even these few emissions occurred stepwise.
No significant correlation between absolute number of UAE and cooling rates ranging from 23.7 to 3.4 Kh 21 was found (Fig. 4) , although acoustic activity was highest at 23.7 Kh 21 . The relative number of cumulative acoustic emissions (related to the number of signals after five temperature cycles that was set as 100%) was similar regardless of the rate of temperature changes (Fig. 4) . Even the few signals emitted from saturated samples followed this course. The parabolic correlation of the number of temperature cycles and the relative number of UAE was statistically significant.
Diameter Variations
Diameter changes in samples with a c of 22.8 MPa were about 40 mm/temperature cycle (Fig. 5 ). Diameter decreased during each freezing process and increased during the consecutive thawing. Mean diameter decreased for about 35 mm during the course of 10 temperature cycles.
Cryo-SEM Analysis
The number of embolized tracheids increased with the number of freeze-thaw cycles ( Fig. 6 ; significant correlation). While after 20 cycles only a few empty tracheids were found, most tracheids were embolized after 120 cycles. Within the cross sections, these embolized tracheids were not distributed randomly but grouped in clusters. Cluster size tended to increase with the number of freeze-thaw cycles (no significant correlation). In some samples, we observed a clear tangential orientation of the clusters (Fig. 7) .
DISCUSSION
''The failure of freezing to produce blockage is among the few remaining questions about water transport not satisfactorily explained by the theory'' (stated by Sucoff [1969] ; p. 424). Meanwhile, many studies were performed dealing with the mechanism of freezethaw induced embolism and the remarkable resistance of many conifers. The ultrasonic and Cryo-SEM analyses of this study demonstrate that there are probably many aspects still poorly understood and many unsolved questions remaining.
Are ultrasonic signals emitted during freeze-thaw cycles related to embolism formation? This is the first and basic question one might ask considering the large number of emissions observed in samples with a c of 22.8 MPa during repeated freeze-thaw cycles (Fig.  2) . We think that in fact UAE were related to embolism formation for the following reasons: repeated Figure 2 . Cumulative UAE of a P. abies twig dehydrated to a c of 22.8 MPa and exposed to 120 freeze-thaw cycles. Photos in the background show Phloxine B staining experiments. The conducting areas within the cross sections of twigs subjected to 0, 40, 80, and 120 freeze-thaw cycles appear in red. In addition, the course of c in twigs at about 23.2 MPa during 50 freeze-thaw cycles is given (black circles; mean 6 SE).
Figure 3. Cumulative UAE of P. abies twigs exposed to five freeze-thaw cycles. Prior to temperature treatment, twigs were either dehydrated to a c of 22.8 MPa, saturated (sat.), or dehydrated (dry). The dashed line indicates xylem temperature during freeze-thaw cycles, the vertical line demonstrates that UAE started exactly when the freezing exotherm was registered.
freeze-thaw cycles led to increasing conductivity losses, as shown by Mayr et al. (2003a) and the dye experiments (Fig. 2) as well as Cryo-SEM analysis (Fig. 6 ) of this study. The increase of the cumulative number of UAE (Fig. 2) clearly corresponded to these increasing embolism rates. Furthermore, saturated samples emitted only few, and totally dehydrated samples no, ultrasonic signals at all during freeze-thaw treatment, which is consistent with our findings presented in Mayr et al. (2003a) . Figure 1 shows that in samples at moderate c, embolism upon freeze-thaw events is formed only on a small scale. At very low c, the xylem is already completely embolized by air seeding processes so that no additional embolism can occur. In contrast, large effects have to be expected near the upper drought-induced vulnerability threshold as at 22.8 MPa in the analyzed samples. Unfortunately, conductivity measurements in conifers are difficult (low specific conductivity and troublesome sample preparation due to resin) and therefore too imprecise to find a relation between ultrasonic activity and conductivity loss after only one freeze-thaw cycle.
The conclusion that acoustic emissions during freeze-thaw events were based on embolism formation is of special interest when the time course of the ultrasonic events is analyzed. As shown in Figure 3 , signals were registered only during freezing but not during thawing. Weiser and Wallner (1988) also observed ultrasonic emissions during the freezing process in Fraxinus americana, Malus 3 Doigo, Pyrus communis, Fraxinus pennsylvanica, Pinus edulis, Pinus ponderosa, and Cornus sericea. The authors reported that fully dehydrated samples did not produce acoustic emissions. Kikuta and Richter (2003) detected acoustic emissions during freezing in Juglans regia and Evonymus latifolia, whereby saturated samples produced fewer signals than samples at field c. In Eucalyptus cinerea seedlings, signals were emitted only after freezing but not during thawing (Raschi et al., 1989) . The maximum number of events was recorded at the minimum temperature of 28°C. The authors concluded that the increase in ultrasonic signals was related to dehydration caused by formation of extracellular ice. The study of Raschi et al. (1989) indicated ultrasonic activity to start with the occurrence of the freezing exotherm. Weiser and Wallner (1988) demonstrated an Figure 4 . Absolute UAE and relative number of cumulative UAE in P. abies twigs fully saturated or dehydrated to a c of 22.8 MPa and subjected to five freeze-thaw cycles. Twigs at 22.8 MPa were exposed to cooling rates of 23.7, 11.7, 6.7, and 3.4 Kh 21 . For the calculation of relative cumulative UAE, the number of absolute cumulative UAE after five temperature cycles was set as 100%. For the standard experiment (11.7 Kh 21 cooling rate; n 5 4) and for saturated twigs (n 5 3), mean 6 SE are given. increase in acoustic activity during the whole freezing period so that the scaling of their graphs does not allow an exact determination of the onset of acoustic events. Kikuta and Richter (2003) reported increasing acoustic activity with temperature continuously decreasing to 225°C. Signal production in nonsaturated rachides of walnut (J. regia) started with the freezing exotherm (S.B. Kikuta, personal communication).
In the experiments presented, the number of acoustic emissions per freezing event decreased (Figs. 2, 3 , and 5). This pattern was independent of the cooling rate (velocity of temperature change) as demonstrated in Figure 4 . Highest absolute numbers of UAE were observed at a cooling rate of 223.7 Kh
21
; at lower rates, no significant trend was found (Fig. 4) . The interpretation of absolute numbers of acoustic emissions is still a problematic aspect of the ultrasonic technique. Some factors like the acoustic coupling (e.g. clamping force and contact area of the sensor) or temperature-dependent changes in signal attenuation could not be controlled in our experiments.
Several aspects of this study are in clear contradiction to the classical theory of freeze-thaw induced embolism. First, the ultrasonic, dye, and Cryo-SEM analyses (Figs. 2 and 6 ) demonstrated an increase in embolism rates during repeated freeze-thaw events. As mentioned in the introduction, there is no reason why a tracheid should be resistant to freeze-thaw induced embolism during the first, but not during one of the consecutive, temperature cycles (see Mayr et al., 2003a) . It is important to notice that the increase in cumulative acoustic emissions was not caused by an increase in c, because no significant change in c was measured during 50 freeze-thaw cycles (Fig. 2) . Furthermore, decreasing acoustic activities (Fig. 4) do not indicate an increase in stress intensities. Mayr et al. (2003a) reported that c even slightly increased during consecutive freeze-thaw cycles, while embolism formation still went on.
Second, ultrasonic signals clearly indicate that embolism formation occurs during freezing and not during thawing (see above). Many authors assumed the thaw process to be the critical one (Sucoff, 1969; Davis et al., 1999; Hacke and Sperry, 2001; Sperry, 2003, 2006) . On the other hand, the lack of embolism formation during thawing may be interpreted as an aspect consistent with the classical theory. Because of the small tracheid diameter, one cannot expect embolism formation by bubble expansion during thawing.
Third, the Cryo-SEM analysis (Fig. 6 ) revealed clustered areas of embolized tracheids, whereby not only the largest conduits appeared to be air filled. According to the classical theory, the widest tracheids are considered to be most vulnerable and therefore embolize first. In contrast, small air-filled tracheids were found adjacent to bigger, still functional tracheids (Fig.  2) . Furthermore, the number of tracheids within embolized clusters tended to increase with increasing numbers of freeze-thaw cycles. This indicates that air spread from one tracheid to neighboring conduits and tracheids did not embolize independently from each other. This is also supported by the finding of large, tangential-oriented clusters in some of the cross sections (Fig. 7) . This pattern could be related to the distribution of the pits that are situated mainly in the radial cell walls.
These findings lead to what is probably the most interesting question: which mechanism may be the basis for the observed processes? Kikuta and Richter (2003) proposed that cavitation events (the first expansion of bubbles causing ultrasonic emissions) Figure 6 . Cryo-SEM analysis of P. abies twigs dehydrated to a c of 22.8 MPa and exposed to consecutive freeze-thaw cycles. The number of freeze-thaw cycles is indicated at the top of each photo. In cross sections, empty tracheids appear black, while intact tracheids are ice filled. might occur during freezing while embolism (the complete filling of tracheids with air) is formed during thawing. Results of this study neither support nor contradict this hypothesis. We think that another component should be considered: the c of ice. Améglio et al. (2001) demonstrated water movement within stems or twigs driven by the extremely low c of ice. During freezing, water is shifted to extracellular spaces of bark and wood, leading to shrinkage of the axes. During thawing, water moves back to tracheids and living cells. In samples of our study, a small decrease in mean diameter during consecutive freeze-thaw cycles was found (Fig. 5) . This indicates that some water was irreversibly trapped in extracellular spaces during freezing.
Shrinkage upon freezing was already suggested by Hoffmann (1857) and Sachs (1860) . In J. regia, about 15% of the shrinkage occurred in the wood, while bark thickness caused 85% of the changes in intact stems (Améglio et al., 2001) . Also, Zweifel and Häsler (2000) found the bark to be responsible for most of the shrinkage in subalpine P. abies stems and reported a massive shift of water from bark to wood, which freezes first.
Based on their field study using time domain reflectometry, Sparks et al. (2001) suggested that the low c of ice may play an essential role for embolism induction in P. contorta. The occurrence of low c is contrary to findings of Robson and Petty (1987) , who measured positive pressure during freezing of Pseudotsuga menziesii. This was explained by the 9% volume increase during ice crystal formation. However, the authors used excised wood samples that may behave differently from samples with an intact wood-bark system. Hammel (1967) suggested that pits may be aspirated and isolate tracheids from each other. In contrast, Robson et al. (1988) observed aspirated as well as open pits in frozen conifer wood so that c gradients and water shifts between tracheids are possible. Therefore, we hypothesize that c gradients due to the appearing ice front can cause air seeding.
This freeze-thaw induced air seeding may be relevant when the tracheids are already at a critical c near their drought-induced vulnerability threshold. When water is removed from these tracheids because of a nearby ice front with low c, air may enter from adjacent air-filled tracheids. The proposed mechanism would explain why samples at moderate c were hardly vulnerable to freeze-thaw induced embolism and why we observed clustered areas of dysfunctional tracheids. It may also explain why only a few tracheids embolized during each freeze-thaw cycle. The ice front itself, which has just induced embolism in the tracheids, stops the process when the affected xylem area freezes. Robson and Petty (1987) reported a growth velocity of ice between 1.75 and 2.3 mm s 21 in P. menziesii. Under the assumption that growth velocity is constant, bigger tracheids would be in contact with the ice front and its low c for a longer time than smaller conduits before they are completely filled with ice. This would correspond to correlations between tracheid size and freeze-thaw induced embolism observed in several studies (Davis et al., 1999; Sperry and Robson, 2001; Sperry, 2003, 2006) .
It remains unclear how the presented data and the hypothesized mechanism could be linked to the classical theory of freeze-thaw induced embolism. Because many previous studies revealed clear evidence for this theory on the one hand and this study indicates embolism formation during freezing on the other, it seems likely that different processes contribute to embolism formation during freeze-thaw events.
MATERIALS AND METHODS
Twigs of Picea abies L. Karst., about 1.5 m long, were harvested at Praxmar, Austria (11°06#E, 47°09#N, 1,700 m) in autumn, 2004 (September to December), wrapped in plastic bags, and transported to the laboratory of the Institute of Botany in Innsbruck. Twigs were recut under water and saturated for at least 12 h before they were dehydrated on the bench until c was between 22.97 and 22.70 MPa (mean 5 22.81 MPa). This is still above the upper drought-induced vulnerability of P. abies (about 23 MPa; Mayr et al., 2002) , where highest effects upon freeze-thaw events were expected (Fig. 1) . In intervals, c measurements were done on end twigs. When the appropriate c was reached, at least three measurements were taken to calculate the mean c of the twig. For freeze-thaw experiments, samples about 20 cm long and up to 1 cm in diameter were cut from the twigs. After removal of the side twigs, the main axes were tightly wrapped in plastic bags to avoid water loss and used for freeze-thaw experiments. No ice formation was observed at the sample surface, even after up to 120 freeze-thaw cycles.
In addition, samples were prepared from fully saturated twigs as well as from twig axes completely dehydrated in an oven (80°C for 24 h).
Temperature Treatment
Samples were exposed to freeze-thaw cycles in a cold-heat test chamber (MK53, Binder) or in isolated chambers, temperature controlled by a circulator bath (Ministat, Huber) . Experiments with five, 10, or up to 120 temperature cycles were done. During the standard protocol, chamber temperature decreased from 6°C to 28°C in 1 h, was kept at 28°C for 1 h, increased to 6°C in 1 h, and was kept at 6°C for 1 h. Then the next 4-h lasting cycle started. Xylem temperature was measured in 1-or 5-min intervals with a thermocouple inserted into at least two samples and stored by a data logger (CR10X, Campbell Scientific or DL2e, Delta T Devices). In the standard experiment, the cooling rate of the xylem was 11.7 Kh 21 . In addition, experiments with cooling rates of 23.7, 6.7, and 3.4 Kh 21 were done. Analysis of sample diameter changes was done during 10 temperature cycles between 5°C and 210°C at 6.8 Kh 21 cooling rate of the xylem. The standard cooling rate was higher than naturally occurring rates of up to 5.4 Kh 21 observed at the alpine timberline (Mayr et al., 2006) . Based on the cooling rate chosen, it was possible to do experiments with up to 120 temperature cycles within about 4 weeks. Experiments with lower cooling rates resulted in effects similar to those caused by cooling rates under natural conditions. c c of end segments (up to 5 cm long) of twigs were measured with a pressure chamber (model 1000 Pressure Chamber, PMS Instrument Company). Measured values were assumed to be very similar to c in the xylem of the main axes, because transpiration was extremely low. In all experiments, c was determined before samples were prepared for temperature treatment.
To control the constancy of c during experiments, branches with several side twigs were exposed to 50 temperature cycles following the standard experimental protocol. Every 10 cycles, end segments of these twigs were used for c determination. As branches were wrapped in plastic bags to avoid transpirational water losses, this experiment had to be stopped at 50 temperature cycles. After about 10 d, needles showed yellowing, and a sudden increase in c was observed. This was probably caused by the insufficient oxygen concentration within the bags leading to needle damage.
Ultrasonic Measurements
Ultrasonic measurements were done with I15I integral preamp sensors (d 5 18 mm) connected to 4615 Drought Stress monitors (both by Physical Acoustics Corporation). Total gain of the instruments was 72 dB with the monitor amplifier set to 52 dB and the head-stage amplifier fixed at 20 dB. Time courses of acoustic emissions were registered with a notebook. Sensors were attached with clamps to the upper side (opposite wood) of the samples. At these positions, about 4 cm 2 of the bark were removed, and the xylem was covered with silicone grease to improve the acoustic coupling and prevent transpiration.
Sample Diameter Measurements
Samples, about 5 cm in length and 1 cm in diameter, were mounted in a holder with linear variable differential transformers (linear variable displacement transducer [LVDT] sensors, DF 2.5 and DF 5, Solartron Metrology; see Améglio et al., 2001) . Sensor outputs were recorded with a data logger (DL2e, Delta T Devices) every 5 min.
Cryo-SEM Analysis
During the 120 freeze-thaw cycle experiment, samples were removed from the temperature chamber after every 20th freezing process and stored in a freezer at 220°C. Samples were thawed and transported to the laboratory in Clermont-Ferrand, tightly wrapped in plastic bags. Samples, 2 cm in length and less than 2 mm in diameter, were prepared from opposite wood while immersed in distilled water. Samples were frozen and stored in liquid nitrogen until use for the Cryo-SEM analysis. Thus, preparation caused one additional, uncontrolled freeze-thaw cycle.
Samples (still immersed in liquid nitrogen) were fixed in about 3-mm deep holes made in an aluminum bar screwed on the specimen holder. Then, samples were fractured with pliers and rapidly transferred to the cry-preparation chamber of the microscope (model CT 1000) held at 2150°C. After vacuum was reached in the chamber, samples were moved to the sample stage (2150°C) in the SEM column (model SEM 505, Philips). Samples were observed uncoated at 5.2 kV. Surface etching was achieved by setting the stage temperature to 280°C for several minutes.
Dye Experiments
During the 120 freeze-thaw cycle experiment, samples were removed from the temperature chamber after every 20th cycle. After removal of the bark and recutting under water, samples (up to 5 cm long, up to 1 cm in diameter) were sealed in silicone tubes connected to a reservoir filled with dye solution (Phloxine B, Sigma Chemical; 2% [w/v] ). After staining (4 kPa; 5-10 min), sample cross sections were prepared.
Number of Samples and Statistics
The experiments with five or 10 temperature cycles following standard conditions were done with seven twigs dehydrated to 22.8 MPa, five saturated, and three totally dehydrated twigs. In four of these experiments, we measured simultaneously diameter changes via LVDT sensors in samples at 22.8 MPa and saturated samples. Two experiments with consecutive 120 temperature cycles following standard conditions were done, and one experiment for each cooling rate, respectively. c (measurements of at least six end twigs every 10 cycles) were determined from three twigs exposed to 50 temperature cycles in a standard experiment. For Cryo-SEM analysis, samples were prepared after 0, 20, 40, 60, 80, 100, and 120 temperature cycles. At least two representative photos of all samples were taken. In addition, for each sample the number of tracheids in 10 to 20 randomly chosen clusters was counted.
Values of experiments following standard conditions are given as mean 6 SE. Differences were tested at 5% probability level with Student's t test after checking for normal distribution and variance of the data. Correlation analyses were carried out via Pearson's linear correlation coefficient r at 5% probability level. For the analysis of the relative number of acoustic emissions (Fig. 4) , a parabolic regression was used.
